In this work a dislocation based constitutive description for modeling the thermo visco plastic behavior of FCC metals has been developed. The constitutive description, which is founded on the concepts of thermal activation analysis and dislocation dynamics, assumes the plastic flow additively decomposed into internal stress and effective stress. The internal stress represents the applied stress required for the transmission of plastic flow between the polycrystal grains and it is defined by the Hall Petch relationship. The effective stress formulation, which is the main innovative feature of this work, represents the thermally activated deformation behavior. This is defined taking into account the interrelationship between strain rate and temperature, and gathers structural evolution dependence. This structural evolution is described as a function of dislocations density, which acts as internal state variable in the material deformation behavior. A systematic procedure for identifica tion of the material parameters is developed and the model is applied to define the behav ior of annealed OFHC copper. The analytical predictions of the constitutive description are compared with the experimental data reported by Nemat Nasser and Li (Nemat Nasser, S., Li, Y., (1998). Flow stress of FCC polycrystals with application to OFHC Copper. Acta Mater. 46, 565 577). Good correlation between experiments and analytical predictions is found within wide ranges of strain rate and temperature.
Introduction
Over the last decades, the theoretical treatment of the constitutive behavior of metals has raised the interest of the most relevant researchers in the framework of contin uum mechanics (Austin and McDowell, 2011; Campbell, 1973; Campbell and Ferguson, 1970; Conrad, 1961; Klepaczko, 1975; Klepaczko et al., 2009; Molinari and Ravichandran, 2005; Seeger, 1957; Zaera et al., 2002; Zerilli and Armstrong, 1987) . The pioneer works of Taylor (1938) and Orowan (1948) among others established the defor mation behavior of metals in terms of theory of disloca tions. Metals and alloys were considered as continuum solids in which flow occurs as result of a process which in volves creation of dislocations, their motion through the crystal lattice and their annihilation or storage. Thus, strain hardening (and therefore strain softening) h @r=@e p j e p;T , strain rate sensitivity m @r=@ logð _ e p Þj e p;T and temperature sensitivity t @r=@Tj ep;ep of the material were directly related to dislocations' density and their velocity. Later on, the seminal investigations of Perzyna (1966) , Campbell and Ferguson (1970) and Kocks et al. (1975) allowed a bet ter understanding of the mechanical behavior of polycrys talline metals. Deformation mechanisms which reside behind metals plasticity were investigated (Basinski, 1959; Conrad, 1961; Klepaczko, 1991; Klepaczko and Duffy, 1982; Kocks, 2001; Kocks and Mecking, 2003; Len non and Ramesh, 2004; Seeger, 1957; Tanner and McDo well, 1999; Taylor, 1992; Zerilli and Armstrong, 1992) .
In the wake of such works, thermal activation analysis and dislocation dynamics have been frequently applied in physically based constitutive modeling (Cai et al., 2010; Campbell and Harding, 1961; Gao and Zhang, 2010; Huang et al., 2009; Kocks et al., 1975; Nemat Nasser and Guo, 2003; Voyiadjis and Abed, 2005; Zerilli and Armstrong, 1987) of metals and alloys. Among the physically based constitutive descriptions, let us refer to those models gath ering, explicitly, structural evolution (e.g., dislocation den sity evolution) (Mecking and Kocks, 1981) .
The strength of dislocation based constitutive descrip tions resides on the accurate definition of material behav iors they provide. Additionally, this type of modeling is suitable for description of so called strain rate and temper ature history effects (structure dependent) (Klepaczko, 1975; Klepaczko and Rezaig, 1996; Tanimura and Duffy, 1986) . Moreover it has to be remarked that this type of constitutive description is required to understand dynamic failure mechanics which are often dislocation controlled (Campagne et al., 2005) . The relationship between struc tural evolution and failure mechanisms has been recently explored in relevant publications by Rittel and co workers (Dolinski et al., 2010; Rittel et al., 2006) . They suggested that formation and propagation of plastic instabilities lead ing to failure in dynamically loaded metals ''are most likely related to the specific microstructure (e.g., dislocation pat terns and hardening) that results from dynamic loading only'' (Rittel et al., 2006) . Thus, in this paper a dislocation based constitutive rela tion with application to FCC metals is developed. The model lies on the concept of one internal state variable (mean den sity of total dislocations), which defines the structure evolu tion during the course of plastic deformation. The formulation is based on the additive decomposition of the plastic flow into internal and effective stress. The internal stress represents the athermal material behavior which is de fined strain independent. The effective stress represents the thermally activated deformation behavior. This is defined taking into account the interrelationship between strain rate and temperature. It describes the structure evolution during the course of plastic deformation. A systematic procedure for identification of the material parameters is developed and the model is applied to define the behavior of annealed OFHC copper. The analytical predictions of the constitutive descrip tion are compared with the experimental data reported by Nemat Nasser and Li (1998). The resulting constitutive mod el is notable for its ability to define the material behavior un der wide ranges of strain rate and temperature.
Formulation of the constitutive description
The formulation of the constitutive model is founded on three well established assumptions:
Plastic deformation in shear is the fundamental mode of deformation in metals plasticity. The low temperature micro mechanisms involved in dynamic plasticity operate typically within the range 0 K 6 T 0 6 T m /2 where T m is melting temperature. Those are the temperature limits of the model. 
Definitions of both, equivalent internal stress r l and equivalent effective stress r Ã are given next.
The internal stress
For FCC metals can be assumed that the internal stress r l represents the applied stress required for the transmis sion of plastic flow between the polycrystal grains (Zerilli and Armstrong, 1987) , the so called Hall Petch effect. According to several authors (Rusinek et al., 2010; Voyiadjis and Abed, 2005; Voyiadjis and Almasri, 2008) this allows giving a strain independent definition of the athermal stress r l via Eq. (3). The Hall Petch effect controls the flow stress level.
where a 1 is a material constant, b is the Burger's vector, D is the average grain size and E(T) is the Young's modulus temperature dependent (Klepaczko 1998) given by Eq. (4).
where E 0 , T m and h ⁄ denote respectively the Young's mod ulus at T = 0 K, the melting temperature and the character istic homologous temperature. In the case of FCC metals h ⁄ % 0.9 as discussed by Rusinek et al. (2009) . It has to be noted that drag mechanisms are not consid ered in the internal stress formulation of the model here proposed. Thus, the maximum rate level for which this constitutive description shows applicability is restricted to the appearance of the drag regime. In agreement with several authors that limiting strain rate level is estimated within the range _ e max p % 10 3 s 1 10 4 s 1 (Huang et al., 2009; Kumar et al., 1968) .
Next, the formulation of the effective stress is introduced.
The effective stress
For FCC metals is assumed that the rate controlling mechanism is the overcoming of dislocation forests by individual dislocations. Therefore the effective stress is ex pected to be structure (strain) dependent. In order to pro vide a suitable definition for the effective stress let us follow the procedure detailed in this section of the paper.
The free energy of activation DG(r ⁄ ) is tied to strain rate by the generalized Arrhenius equation (Johnston and Gil man, 1959) 
where _ e r is the frequency factor (so called pre exponential factor) and k is the Boltzmann constant. Moreover, the relation between the free energy of activa tion DG(r ⁄ ) and the thermally activated stress component r ⁄ is taken from Kocks et al. (1975), Eq. (6) . This phenomeno logical expression has been frequently applied in constitu tive modeling over the last decades (Gao and Zhang, 2010; Nemat Nasser and Li, 1998; Uenishi and Teodosiu, 2004) .
where G 0 is the free energy required to overcome the bar rier without the aid of external applied stress andr Ã is considered the threshold thermal stress which ( for FCC metals) is structure dependent. Moreover, p and q are material constants defining the profile of the obstacle. Typ ical values reported in the literature for those constants are 1 < p 6 2 and 0 < q 6 1 ( Uenishi and Teodosiu, 2004) . In this work let us consider q = 1 (Uenishi and Teodosiu, 2004 ) while p will be treated as a material constant which determines instantaneous temperature and rate sensitivi ties of the material flow stress.
Combination of previous expressions Eqs. (5) and (6) leads to Eq. (7).
where the McCauley operator is defined as follows hi if hi P 0 or hi 0 if hi 6 0: For simplification, and according to Rusinek and Klep aczko (2001) , from this point on let us consider the ratio
where D 1 is a non dimensional con stant proportional to ln(10) (coming from application of the logarithms properties) and T m is the melting tempera ture introduced to attain non dimensionality.
Application of this procedure leads to the generalized expression for the effective stress used in the present con stitutive model (Rusinek and Klepaczko, 2001), Eq. (8) .
The next step is to particularize Eq. (8) for FCC polycrystal line metals. According to several authors (Klepaczko, 1975; Nemat Nasser and Li, 1998) , in previous expression the threshold thermal stressr Ã and the frequency factor _ e r may take into account the strain dependence of the effec tive stress. Subsequently, an original procedure to set such dependence is provided.
In agreement with Nemat Nasser and Li (1998), the threshold thermal stressr Ã is related to G 0 by the following expression, Eq. (9).
where M is the Taylor factor and V ⁄ is the activation volume which is related to the average distance the dislocations move between barriers d by Eq. (10) (Voyiadjis and Abed, 2005) .
where A is the activation area and b is the Burger's vector. Moreover, according to Voyiadjis and Abed (2005) , let us define G 0 by the following expression, Eq. (11).
where a 2i is a material constant and l(T) is the tempera ture dependent elastic shear modulus.
Combination of Eqs. (9) and (11) allows relating the thermal threshold stressr Ã to the internal structure as fol lows (Voyiadjis and Abed 2005) , Eq. (12).
By application of Eq. (10), previous formula can be re writ ten in the following form, Eq. (13).
ð13-bÞ where E(T) = l(T) M is the Young's modulus temperature dependent defined by Eq. (4). The average distance between barriers d depends on the type of the barrier. In the case of FCC metals, short range barriers (those that can be overcome with thermal aid) are assumed the dislocation forest which intersects the slip plane (Zerilli and Armstrong, 1987) . In such a case ( fol lowing Nemat Nasser and Li (1998)) the average distance between barriers (dislocation forest) d is the same as the average spacing '. The latter is a function of the current (mean) density of total dislocations q (mobile and immobile dislocations over few subgrains).
According to several authors the following expression is inferred, Eq. (14). This formula approximates the average spacing to the inverse square root of the current disloca tion density (Estrin, 1998; Kocks and Mecking, 2003; Kubin and Estrin, 1990; Nemat Nasser and Li, 1998) . Thus, mean density of total dislocation in a generalized form can be defined proportional ( the proportionality constant will be derived later) to a dimensionless function strain and rate dependent Wðe p ; _ e p Þ (according to experiments for FCC metals, this function is considered as temperature indepen dent), Eq. (14).
Finally, Taylor's equation (Taylor 1938) , Eq. (15), emerges substituting previous expression into Eq. (13).
At this point is required to determine an expression for the accumulation process of material dislocation density as a function of plastic deformation. For that task, let us follow the procedure developed by Klepaczko (1975) . The struc tural evolution at different strain rates is defined by the following expression, Eq. (16).
where M II is the multiplication factor that may be consid ered constant (Voyiadjis and Abed 2005) , q 0 is the initial dislocation density and k a ð _ e p Þ is the rate dependent annihi lation factor. The latter defined in this work by the follow ing phenomenological rate dependent formulation which simplifies that proposed by Klepaczko and Rezaig (1996) Eq. (17).
where k 0 is the reference annihilation factor, _ e a 0 is the ref erence strain rate for annihilation assumed constant _ e a 0 2 10 10 s 1 (Nemat Nasser and Li, 1998) and m 0 is the absolute rate sensitivity due to defect annihilation. Pre vious formula predicts decreasing annihilation of disloca tions as the deformation rate rises, in agreement to the experimental evidences reported in the literature (Meyers et al., 2003) , Fig. 1 .
Integration of Eq. (16) at constant strain rate gives the following closed expression for the dislocation density, Eq. (18).
Dislocation density derived from previous expression, Eq. (18) 
In addition Wðe p ; _ e p Þ can be defined in terms of the current average spacing ' % q 1/2 and the initial average spacing 
Now, let us define the frequency factor _ e r using Orowan's equation (Orowan 1948), Eq. (23) .
where q m is the density of mobile dislocations and x is the attempt frequency.
In the case FCC crystals, for dislocations as barriers, the frequency factor should be considered dependent on dislo cation density, Nemat Nasser and Li (1998) . In the present case, according to Eqs. (14) (20) Nemat Nasser and Li, 1998) . It has to be noted that since one internal state variable is assumed in the present model, the mobile dislocation density q m will be treated as a fraction f of the mean dislo cation density q m = f q where f will be assumed constant for simplification. Therefore, we re write Eq. (25) 
Then Eq. (24) 
where b is the Taylor Quinney coefficient assumed con stant, q ⁄ is the material density and C p is the specific heat at constant pressure. Transition from isothermal to adia batic conditions is assumed at _ e p 10s 1 in agreement with experimental observations and numerical estimations reported in the literature (Oussouaddi and Klepaczko, 1991; Rusinek et al., 2007) .
Identification and sensitivity analysis of the constitutive model parameters
In this section of the paper, a systematic procedure for identification of the model parameters is proposed. The procedure applies the least square method to obtain the best fitting condition between experiments and analytical predictions. Then, a parametric study on the influence of material constants on the analytical predictions of the model is conducted.
A straightforward method for identification of the material parameters
For identification of the model parameters, three tests at different strain rates and room temperature are re quired. A test performed under quasi static loading is needed _ e p % 10 3 s 1 (the one taken as reference). The other two remaining tests should be at higher rate level within the range 1s 1 6 _ e p 6 10 3 s 1 . Thus, the main steps neces sary for identification of the material constants are:
i. The first step is to identity the initial yield stress at low strain rates and room temperature, 
Previous relation allows for defining the value of the mate rial constants a 2 , D 1 and p. Thus, the contribution of the internal stress and the effective stress to the initial yield stress is determined, Eq. (31).
Previous expression allows for identification of the a 1 value.
ii The second step is to apply the complete formula tion of the model to fit an experimental curve of the type r e p j This straightforward method for identification of the model parameters ensures the uniqueness of their values. By application of this procedure, the model has been cali brated for annealed OFHC copper using the relevant exper imental data reported by Nemat Nasser and Li (1998). The set of material constants found is given in Table 1 .
Physical constants of annealed copper are listed in Table  2 . Constants on the left side of Table 2 are easily obtained from material handbooks. Constants on the right side of Table 2 come from metallurgical examinations and they can be found in the literature (Nemat Nasser and Li, 1998; Underwood, 1970) .
Next, taking as reference the values for annealed OFHC copper listed in Table 1 , a parametric study on the influ ence of material constants on the analytical predictions of the model is carried out.
Parametric study on the influence of material constants on the analytical predictions of the model
The parametric study is split into two parts, first fitting material constant involved in the internal stress formula tion is examined, and second fitting material constants in volved in the effective stress formulation.
Material constant involved in the internal stress formulation
The fitting constant involved in the internal stress for mulation is a 1 , Eq. (3), which is related to the material flow stress level. The resulting model predictions are illustrated in Fig. 3 . It can be observed that variations of the parameter a 1 have small impact on the stress strain response of the material. This is caused by the minor role played by the internal stress on the behavior of annealed FCC metals. Next, the influence of effective stress material parame ters on the analytical predictions of the model is examined.
Material constants involved in the effective stress formulation
First let us consider the fitting constants directly tied to the dislocation density formulation, M II , k 0 and m 0 , Eqs. (17), (18). The resulting model predictions are illustrated in Fig. 4 . The multiplication factor M II plays a major role on the analytical predictions of the constitutive model, it controls flow stress level and strain hardening, Fig. 4a . Moreover, the constants involved in the annihilation factor formulation, k 0 and m 0 , determine material strain softening at large strains, Fig. 4b and c. As k 0 and m 0 increase material strain softening does also.
Next let us consider the fitting constants a 2 and p, which are involved in the complete effective stress formu lation, Eq. (22). The resulting model predictions are illus trated in Fig. 5 . The parameter a 2 strongly affects material description, it controls material (strain dependent) rate sensitivity and therefore defines flow stress level and strain hardening rate, Fig. 5a . Moreover, the material parameter p determines material rate sensitivity; as p in creases flow stress level and strain hardening do also, Fig. 5b .
Next let us consider the material parameters q and _ e 0 , which are involved in the material rate sensitivity defini tion, Eq. (22). It has to be noticed that their value was as sumed (it was not identified in the calibration procedure) according to the considerations reported elsewhere (Ueni shi and Teodosiu, 2004; Nemat Nasser and Li, 1998) . The resulting analytical predictions of the model are de picted in Fig. 6 . The parameter q (in the same manner than the parameter p previously analyzed) determines material ( strain dependent) rate sensitivity; as q increases material flow level and strain hardening also do, Fig. 6a . Moreover, it has to be noted that the parameter _ e 0 plays a secondary role on the material description; variations of this constant have small impact on the stress strain response of the material, Fig. 6b .
In the following section of the paper, the analytical pre dictions of the constitutive model are correlated with experimental data reported by Follansbee (1986) and Ne mat Nasser and Li (1998).
4. Application of the constitutive model to describe the behavior of annealed OFHC copper within wide ranges of strain rate and temperature Polycrystalline OFHC copper is a typical FCC metal that has been widely used to explore the dependence of the flow stress on strain, strain rate and temperature.
By application of the material constants listed in Tables  1 and 2 , the contribution of each stress component to the overall flow stress is illustrated in Fig. 7 . It is interesting to highlight that material flow stress is basically ruled by the effective stress. This is in agreement with the consider ations reported by several authors for different annealed FCC metals (Rusinek et al., 2010; Voyiadjis and Almasri, 2008) . Table 1 Value of the model constants determined for annealed OFHC copper. Table 2 Physical constants for annealed OFHC copper (Nemat-Nasser and Li, 1998; Underwood, 1970) . Next, the model predictions are correlated with experi ments for different strain rate levels at room temperature, Fig. 8 . The constitutive description is revealed suitable for defining the flow stress as well as the strain hardening rate of the material for the loading conditions considered (the induced error is in any case less than 10%).
It is observed that the strain hardening of the material is much stronger affected by the loading rate than the initial yield stress (due to the minor role played by the Peierls stress on the deformation behavior of most annealed FCC metals). This typical behavior of polycrystalline FCC metals is illus trated in Fig. 9 , where the analytical predictions of the material flow stress evolution are represented as a function of strain and strain rate.
In other words, the material rate sensitivity (at constant strain) is dependent on the plastic strain as illustrated in . Increasing rate sensitivity with plastic strain predicted by the constitutive description is in good corre lation with experimental results and theoretical consider ations for FCC metals reported for example in (Voyiadjis and Abed, 2005; Zerilli and Armstrong, 1987) . This behav ior is caused by the evolution of the material structure with loading rate, which is gathered by the constitutive model. From low to moderate strains the constitutive relation describes properly the rate sensitivity (at constant strain) of the material, Fig. 10 . Good correspondence between experiments and analytical predictions of the model is found at room temperature within wide ranges of strain rate. Moreover, it has to be noted that for the range _ e p > 8000 s 1 drag effects become relevant in the material behavior (Nemat Nasser and Li, 1998) . Within that range of loading rates the model may underestimate the material rate sensitivity, Fig. 10 . As previously mentioned, the max imum rate level for which this constitutive description shows applicability is _ Moreover, in Fig. 11 , is illustrated the agreement be tween experiments and analytical predictions in terms of stress strain curves for different initial temperatures at high loading rate. The constitutive model defines satis factorily the work hardening and the material flow stress within wide ranges of temperature, 77 K < T 0 < 700 K. It was highlighted that strain rate influences material strain hardening, in the same manner it has to be re marked that temperature strongly influences work hard ening too. Experiments [Nemat-Nasser and Li 1998] Experiments [Follansbee 1986] Analytical predictions 10 % To = 296 K ε p = 0.4
drag regime
Expected slope change Fig. 10 . Comparison between analytical predictions of the constitutive model and experiments within wide ranges of strain rate at different plastic strains and T 0 = 296 K (Follansbee ,1986; Nemat-Nasser and Li, 1998) . Therefore, the material temperature sensitivity be comes strain dependent. This behavior is well defined by the model predictions, Fig. 12 . According to experiments, analytical curves illustrating the evolution of the material flow stress as a function of temperature for different strain levels are not parallel, Fig. 12 . Good correlation between experiments and model predictions is observed.
Thus, the constitutive description proposed is revealed suitable for describing the thermo viscoplastic response of the material within wide ranges of strain, strain rate and temperature. Especially relevant results the ability of the model to describe the distinctive dependence that strain hardening of annealed OFHC copper has on temper ature and loading rate.
Finally, it has to be noted that the one dimensional form of the constitutive relation developed in this paper may be easily generalized to three dimensional states of stress and strain following the procedure for integration of Huber Mises plasticity equations reported in (Rusinek et al., 2010; Zaera and Fernández Sáez, 2006) .
Conclusions and remarks
In this paper a constitutive description with application to FCC metals is developed. The formulation is based on the decomposition of the material flow stress into internal stress and effective stress. The internal stress formulation takes into account the grain size effect; it is defined strain independent and shows athermal character. The effective stress formulation, which is the main innovative feature of this work, is founded on the concept of thermal activa tion analysis and takes into account the interrelationship between strain rate and temperature. It is structure depen dent via description of the dislocation density evolution as a function of plastic deformation. Dislocation density acts as internal state variable in the material deformation behavior. This provides information on the evolution of the material structure within wide ranges of strain rate and temperature.
Moreover, a systematic procedure for identification of the material parameters has been proposed. The analytical predictions of the constitutive description are compared with experimental data for annealed OFHC copper re ported in the literature. The constitutive model highlights due to its ability to describe the strain, rate and tempera ture dependences of the material flow stress. Comparison between analytical predictions of the constitutive model and experiments within wide ranges of temperature at different plastic strains and 4000 s 1 (Nemat-Nasser and Li, 1998).
